INTRODUCTION
A massive earthquake occurred on March 11, 2011 and was followed by a deadly tsunami that caused severe damage to the Fukushima Daiichi Nuclear Power Plant (FDNPP). In the hours and days that followed, the cores of reactors 1, 2, and 3 melted down and released hydrogen gas from the reactor, causing an explosion. This explosion emitted a significant amount of radionuclides into the environment (primary emission) in northeastern Japan. Part of the released radiocesium ( 134 Cs and 137 Cs; hereafter called radiocesium) was emitted from the contaminated ground surface and surrounding forest, into the have shown that higher radiocesium concentrations have been observed in forest areas rather than in cities, even several years after the FDNPP accident. Kajino et al. (2016) estimated the seasonal change of secondary emission sources during 2013 by 3-D numerical simulations. Among various factors, Kajino et al. (2016) showed that the simulated contribution of dust resuspension to the air concentration was very high from 0.7 to 0.9 in the cold season (January to March) in Namie and Tsukuba, whereas that in the warm season from May to September was relatively lower. They also suggested that the remainder of the contribution in the warm season was re-suspension from forest. However, the detailed sources of the secondary emissions from the forested areas were still unclear. Yoschenko et al. (2017) estimated that, in the four years since the Fukushima accident, 74% of the radiocesium deposits were distributed in the soil and approximately 20% were distributed in the litter compartment. Kinase et al. (2017) found bioaerosols on filters in the summer and autumn seasons via scanning electron microscopy (SEM), when radiocesium concentrations were high. Concentrations of water soluble organic carbon and levoglucosan were compared to the 137 Cs concentrations, but there was little correlation. Thus, biomass burning was not the dominant source of secondary emissions, and other possible organic sources should be investigated. The radiocesium is transported to tree tissue through root uptake from the soil, and then it migrates to the litter fall and pollen. In the case of ferns, moss, fungi, and mold, it migrates to the spores. Subsequently, these become possible sources of secondary emissions .
To estimate the contribution of secondary emissions from natural sources, such as pollens, spores, microorganisms, and leaf surfaces, we analyzed n-alkane abundance. Generally, n-alkanes are useful chemical tracers used to estimate the contribution of natural and anthropogenic sources in aerosols because of the characteristic carbon number distribution of alkanes. Major natural sources of particulate n-alkanes include wind erosion of leaves, epicuticular waxes, and direct suspension of pollen, vegetation debris, and microbial degradation products. Conversely, the release of partially combusted fossil fuel and lubricant oils, and biomass burning is considered to be the main anthropogenic sources of n-alkanes (Simoneit, 1989; Rogge et al., 1993a, b; Kavouras and Stephanou, 2002) . It is difficult to separate these natural sources using only the carbon number distribution of alkanes. Seasonal changes and particle sizes can help to identify the potential sources, such as pollen and plant spores (>10 mm), fungal spores (1.7-5.3 mm; Kulkarni et al., 2011) , bacterial cells and spores (0.5-1.2 mm; Kulkarni et al., 2011) , and leaf waxes (forest aerosol <1 mm; Kavouras and Stephanou, 2002) .
In this study, the possibility of bioaerosols serving as a secondary emission source was investigated by examining the correlation of 137 Cs and n-alkane concentrations in time series aerosol samples. It is hypothesized that the 137 Cs concentration in seasonal and specific particle sized aerosol samples can be correlated with natural n-alkanes from biological sources. Furthermore, the correlation of n-alkanes and black carbon concentrations was monitored to help identify the contribution of aerosols from anthropogenic sources.
EXPERIMENT

Sampling atmospheric aerosol
The aerosol samples were collected from a school playground (37∞33¢ N, 140∞46¢ E, altitude 438 m) in Tsushima, Namie-town, Fukushima Prefecture, which is located near the border of where the deposition densities of total 134 Cs and 137 Cs radioactivity were more than approximately 3 MBq/m 2 in 2012 (NRA, 2013) (Site 1 in Fig. 1 ). Sampling were collected from 8th-26th March 2013 (winter 2013), 10th-30th August 2013 (summer 2013), 24th January-9th February 2014 (winter 2014), 11th April-4th May 2014 (spring 2014), and 26th August16th September 2014 (summer 2014). The seasons were defined as in Kajino et al. (2016) and Kinase et al. (2017) . Size-resolved aerosol samples were also collected during several periods in 2014. Detailed sample information is listed in Table 1 . A fraction of size-resolved aerosol samples were also collected in 2012, from another school playground (37∞39¢ N, 140∞36¢ E) in Yamakiya, Kawamata-town, Fukushima Prefecture, approximately 18 km northwest of Site 1. Here, the deposition densities of total radiocesium activity were between 0.1-0.3 MBq/ m 2 in 2012 (NRA, 2013) (Site 2 in Fig. 1 ). These aerosol samples were extracted from approximately 1000-2000 m 3 of air using a high volume air sampler (Model-120SL, Kimoto Electric Co. Ltd., Japan) and a 450∞C 4-h heattreated quartz membrane filter (2500QAT-UP, 103 ¥ 254 mm, Pall Life Sciences), at a flow rate of 1.5 m 3 min -1 . A high-volume air sampler equipped with a 7-stage cascade impactor (Series TE-230, Tisch Environment) was used for size-resolved aerosol samples. The first stage separation was >10.2 mm (Q1), the second stage was 4.2-10.2 mm (Q2), the third stage was 2.1-4.2 mm (Q3), the fourth stage was 1.3-2.1 mm (Q4), the fifth stage was 0.69-2.1 mm (Q5), the sixth stage was 0.39-0.69 mm (Q6), and the backup filter was <0.39 mm (Q7).
Mass concentration of black carbon aerosol (M BC ) was measured with a filter-based absorption radiometer, Aethalometer (AE-31, Magee Scientific Co.) at the Site 1. In this study, M BC values were derived from the light absorption by black carbon aerosols at a wavelength of 350 nm every 5 minutes from 1st January 2013 to 29th July 2014. The daily averaged pollen particle number was estimated using the pollen observation system (http:// kafun.taiki.go.jp/) at the nearest monitoring site (Fig. 1) . Information on the pollen dispersion months in the Tohoku district was obtained from a pollen calendar (PG-MARJ Committee, 2013) .
Radioactivity measurement
High-purity germanium detectors (GEM15, GEM40, and GEM80, SEIKO EG&G, Japan, and GC3018, Mirion Technologies (Canberra) KK, Japan) were used to determine the concentrations of 134 Cs and 137 Cs, associated with the atmospheric aerosols captured with the impactors, by g-ray counting (604 and 661 keV) over a period of 1-2 days. The g-ray spectra were recorded either by the SEIKO MCA7600 system (SEIKO EG&G) or the Canberra DSA1000 system (Mirion Technologies). The detection efficiency of each detector was determined by counting an identical standard sample prepared by depositing a reference radioactive solution, manufactured by the Japan Radioisotope Association (Bunkyo, Tokyo), on a filter.
Sample extraction and analysis
Samples collected on the aerosol filters were extracted three times by sonication with dichloromethane (DCM) : methanol = 7:3, v/v. The extract was dried under a stream of nitrogen and then dissolved in a small aliquot of nhexane. The solution was applied to the top of a silica gel chromatography column. Hydrocarbons were eluted with n-hexane. Solvent in the eluted fraction was dried out and replaced by the 30-mL n-hexane using a micro syringe.
Gas chromatographic analyses were performed on a Hewlett-Packard 6890 gas chromatograph (GC) interfaced to a HP 5973N mass selective detector. The DB-5 column (30 m ¥ 0.32 mm i.d., film thickness 0.25 mm, J&W Dose, etc., Digital Japan" (http://ramap.jmc.or.jp/map/) . Scientific) was temperature programmed. The temperature ramp for a splitless injection was set at 350∞C. Helium was used as a carrier gas in constant-flow mode (1.5 mL min -1 ). The initial GC oven temperature was 50∞C; after 2 min, the temperature was raised to 120∞C at a rate of 30∞C min -1 , followed by a second increase to 310∞C, at a rate of 5∞C min -1 , and maintained for 30 min. The mass spectrometer ion source temperature was 200∞C, and the electron impact ionization potential was 70 eV. The identification of n-alkanes (C16-C35) was performed using m/z 57, GC retention times (RT), and interpretation of mass spectra comparison with using n-alkane reference standards. The quantification was performed using internal standard C 24 D 50 (0.511 nmolC mm -1 ).
Calculations for n-alkane analysis
Several parameters are generally used to identify sources of n-alkanes: 1) The carbon number maximum (Cmax), representing the n-alkanes with the highest concentration, provides information on the relative importance of organic matter from natural and anthropogenic sources. The higher plant waxes demonstrate a long-odd carbon preference from C25 to C35 (Eglinton et al., 1967) , while distributions of lower carbon numbers from approximately C19 to C24 indicate that fossil fuel combustion is a major source (Rogge et al., 1993b) . 2) The carbon preference index (CPI), which shows the ratio of oddcarbon-numbered to even-carbon-numbered n-alkanes in a sample, is used for identifying the natural and anthropogenic n-alkanes (Simoneit and Mazurek, 1982; Simoneit, 1989; Abas and Simoneit, 1996) . The main natural source, epicuticular waxes of terrestrial plants, exhibit high CPI (5-10) values, while anthropogenic sources like petroleum combustion products exhibit a CPI ~1 (Rogge et al., 1993b; Fang et al., 1999; Gogou et al., 1996) . The revised CPI was calculated as follows (Marzi et al., 1993) : The wax n-alkane concentration (WNA) was calculated for each n-alkane by subtracting the average of the next higher and lower even-numbered carbon (Simoneit, 1989; Kavouras and Stephanou, 2002) : Negative values of C n were taken as zero. The percentage of total WNA (ÂWNA) to total n-alkanes (ÂNA), %WNA, was calculated as follows:
Seasonal differences in total alkanes, WNA, and non-WNA concentrations were analyzed statistically using Matlab (2017a). Values are mean ± standard deviation (SD).
RESULTS AND DISCUSSION
Previous studies on the seasonal change and size distribution of the radiocesium concentration
The 134 Cs and 137 Cs concentrations around the Tsushima area in Namie town over the sample period were reported by Kinase et al. (2017) (Fig. 2) . Both 134 Cs and 137 Cs concentrations showed a decrease of over half from 1.5 ± 1.4 mBq/m 3 and 1.1 ± 0.8 mBq/m 3 in 2013 to 0.62 ± 0.24 mBq/m 3 and 0.23 ± 0.09 mBq/m 3 in 2014, respectively. Kajino et al. (2016) discussed the sporadic peaks of 134 Cs and 137 Cs concentrations sampled from 17th March 13:00 local time (LT) to 18th March 13:00 LT in 2013 and 14th August 13:00 LT to 15th August 13:00 LT. The peak that was observed in March coincided with a plume arriving from FDNPP, and the peak that occurred in August was due to the debris removal operation conducted on 14th August (MAFF, 2015) , predicted by a 48 h forward trajectory (Kajino et al., 2016) . We exclude this data in our estimations, in the following analysis.
The size distribution of radioactivity during the seven study periods is shown in Fig. 3 . The total 134 Cs and 137 Cs concentrations in sample fractions from Q1 to Q7 gradually decreased from summer to winter. The radioactivity of 134 Cs and 137 Cs was found to decrease with particle size, down to the fine-size range, at both sampling sites. During the sampling periods, minimal activity was found in the 0.39-1.3-mm size range (Q5-Q6) and maximal activity was found in the 2.1-10.2-mm size range (Q2-Q4). These size distribution trends were similar to those observed from December 2012 to March 2013 at Site 1 , but different from those observed from April to May 2011, soon after the FDNPP accident (Kaneyasu et al., 2012) . Kaneyasu et al. (2017) discussed that the shift in size distribution may reflect a source shift from direct emission transported as a sulfate aerosol (approximately 0.54 mm), to secondary emission from the surface area of soil particles (>2.1 mm). Kinase et al. (2017) the other size ranges (Q2-Q6) were used in this discussion.
Seasonal difference of n-alkanes and black carbon concentrations
Measured alkane concentrations and the calculated values for n-alkane analysis are shown in Table 2 and  Supplementary Table S1 . The daily averaged pollen particle numbers for winter 2013 and spring 2014 are also shown in Table S1 . The total alkane concentration varied from 3 ng/m 3 to 171 ng/m 3 during the sampling periods. Higher concentrations were observed in spring and summer 2014 than in 2013 and winter 2014 (p < 0.0001). Both WNA and non-WNA concentrations increased in spring 2014, but there was only a significant increase in the non-WNA concentration in summer 2014. The highest WNA concentration in spring 2014 was caused by dispersal of both cedar and cypress pollens, observed as a positive correlation between pollen particle numbers and the WNA concentration (r 2 = 0.90). However, the WNA in winter 2013 did not show a correlation with pollen particles even though the pollen particle counts were >5 times larger than those in spring 2014 (Table S1 ). The atmospheric conditions, such as wind speed, direction, and humidity, should be considered to understand the effect of pollen on aerosol WNA concentrations during pollen dispersal season.
The patterns of n-alkanes as a function of carbon number were different until winter 2014 and after spring 2014. Biogenic n-alkanes C29 and C31 had high concentrations of 7.2 ± 6.7 ng/m 3 and 7.1 ± 6.6 ng/m 3 , respectively, through the sampling periods. Thus, the constant seasonal contributions of biogenic alkanes (Alves et al., 2014) in the surrounding forests could be observed. However, small C-number n-alkanes like C23 and C25 had higher concentrations after spring 2014 (8. and 5.2 ± 3.9 ng/m 3 , respectively) than those in 2013 (0.8 ± 1.1 ng/m 3 and 2.1 ± 3.2 ng/m 3 , respectively). The increase in the non-WNA concentrations together with the decrease in CPI values (from >3 to <2; Table 2 ) indicated an increased impact of anthropogenic activity on the aerosols. This means a greater proportion of n-alkanes were derived from fossil fuel combustion. The increase in the anthropogenic source contribution was probably caused by the start of "reconstruction plans for Kawamata town (Site 2)" (MOE, 2015) , which includes full-scale decontamination, incineration of burnable tsunami debris, and rebuilding of infrastructure such as roads, water lines, and sewers. On the other hand, before March 2014, there were only a few business facilities used for urgent reconstruction.
The black carbon concentration, monitored from January 2013 to July 2014, showed a seasonal trend of higher concentrations in March and April than those in other months ( Fig. 3; Supplementary Fig. S1 ). Low concentrations were observed in January and February. The average concentrations for each month were higher in 2014 (279 ± 193 ng/m 3 ) than those in 2013 (222 ± 140 ng/m 3 ). These seasonal and yearly black carbon concentration trends were consistent with higher anthropogenic sources of n-alkanes in 2014 than in 2013 (Fig. 2) .
Biogenic and anthropogenic sources of n-alkanes in sizeresolved aerosols
Concentrations of n-alkanes in size-resolved aerosols are shown in Fig. 3 and Supplementary Table S2 . The observed n-alkanes at Site 2 in 2012 were C16-C35. Only C22-C35 were observed at Site 1 in 2014 due to the lack of sufficient samples for n-alkane concentration quantification. The sums of n-alkane concentrations in the Q1-Q7 fraction varied from 9.0 ng/m 3 to 37.4 ng/m 3 , which were similar to the concentrations observed in a time series of bulk aerosol samples at Site 1 from 2013 to 2014. Most of the samples showed C29 and C31 as the dominant compounds and Cmax, except in the case of small particle sizes (Q6 and Q7), where C24 and C25 were the dominant compounds. The %WNA and CPI calculated for size-resolved samples are shown in Table 3 . The %WPA values were ~80% for coarse particles and decreased tõ 30% for fine particles, which indicated that anthropogenic n-alkanes tend to be distributed in fine particles. For the Site 2 samples, the maximum WNA concentrations were found in fine-particle-size fractions (Q5 and Q6), which were different from those with the maximum radiocesium concentrations found in Q2. The WNA concentrations observed for fine particle sizes, originating from the shear of epicuticular wax n-alkanes from leaf and stem surfaces and/or aging of leaves, were distributed over <2 mm (Rogge et al., 1993a) . A similar WNA distribution has been observed in aerosols from the forest area (Kavouras and Stephanou, 2002) . The 121102 size-resolved sample exhibited a high WNA concentration for all fractions (Q2-Q6) with high CPI values (3.0-9.8). November does not fit in any pollen dispersal season for either woody or grass plants (PG-MARJ Committee, 2013), but some fern spores and fallen leaves have the possibility to be biogenic sources of n-alkanes. Another possibility is a decontamination event meant to eradicate weeds from farmland beginning on November 1, 2012 (weekly report on decontamination schedule; h t t p : / / j o s e n . e n v . g o . j p / p l a z a / i n f o / w e e k l y / weekly_121116.html). However, these possible biogenic sources and decontamination events did not correlate to the radiocesium concentrations at Site 2 in 2012.
On the other hand, the maximum WNA concentrations in 2014 were found in the same size fraction (Q2) except for 140801, at Site 1. CPI values reveal different source contributions for fine and coarse particles. All sampling periods in both Sites 1 and 2 showed typical biogenic CPI values (5.1-11.0) at >1.3 mm and an anthropogenic source (~1) at <0.69 mm. The CPI values at the intermediate sizes showed mixed values and a gradual shift from biogenic to anthropogenic sources.
The environmental observations of biogenic n-alkanes showed that they tend to be distributed in coarse particles, and the anthropogenic compounds tend to be distributed in the fine particles (Alves et al., 2000; Bi et al., 2003; Kavouras and Stephanou, 2002; Sicre et al., 1987) . In coarse particles, sources other than aerosol particles attached on the leaf surface, such as pollen (>10 mm), spores from plants (3-100 mm), and fungal spores (1.7-5.3 mm) could also be sources of biogenic n-alkanes, with high CPIs and with C27, C29, and C31 as a Cmax (Abas and Simoneit, 1996; Bianchi et al., 1990; Weete, 1972; Zygadlo et al., 1993) . Spores from ferns and fungi in particular would grow directly on the soil surface, where approximately 74% of the radiocesium in the forest area exists (Yoschenko et al., 2017) . In fact, mushrooms' transfer factors are 1-3 orders of magnitude higher than those for plants (Tsukada et al., 1998) . This growth style has the potential to transport radiocesium from the soil surface to the atmosphere via the release of spores. However, the transportation efficiencies vary among different species of spores. Since higher radiocesium concentrations were observed in coarse aerosol particles with high biogenic n-alkane concentrations in every sampling period, the contribution of spores from plants and fungi on the total aerosols needs to be investigated.
Contribution of biogenic and anthropogenic sources to secondary emissions of radiocesium
Correlation analyses between n-alkanes and 137 Cs concentrations are summarized in Table 4 . Generally, the 134 Cs concentration behavior is similar to the 137 Cs concentration behavior (Figs. 2 and 3) , with a positive linear correlation (r 2 > 0.99). Thus, only 137 Cs concentrations were used for the following correlation analysis. Based on the hypothesis that the resuspension of radiocesium comes from natural sources, nonparametric Spearman correlations with total concentrations of ÂNA, ÂWNA, C23, C24, C25, C29, and C31, and black carbon concentrations were examined. The correlation analysis for timeseries aerosol sample data showed a positive correlation with biogenic n-alkanes in winter 2013 (r = 0.477-0.542), and with anthropogenic n-alkanes and/or black carbon in summer 2013, spring 2014, and summer 2014 (r = 0.377-0.879) . No correlation was shown in winter 2013.
Correlation coefficients for 137 Cs and alkane data for winter 2013 indicate that the 137 Cs arises in a similar manner to biogenic n-alkanes, because more positive correlations were shown in C29 and C31 than in C23-C25. As described in the previous section, large numbers of pollen particles were observed in winter 2013 (Table S1 ). Further analysis is needed, with a size-resolved aerosol sample in this season, to clarify the exact biogenic n-alkane source and its relationship with radiocesium.
The total alkane data in spring 2014 and summer 2014 was also correlated to 137 Cs concentrations (r = 0.717-0.879), but this data did not demonstrate a correlation with biogenic n-alkane concentrations (C29 and C31). Anthropogenic sources containing shorter n-alkanes (C23-C25) together with black carbon correlated with 137 Cs concentrations in 2014. One possible explanation for this correlation is that the increase of anthropogenic activity represented by non-WNA concentrations enhanced dust emission into aerosols along with 137 Cs. However, the results of size-resolved samples 140801Q1-Q7 and 141003Q1-Q7 were not consistent with such a process; they contained more biogenic n-alkanes than were found due to anthropogenic activity in coarse size fractions with high 137 Cs concentrations. The concentrations of n-alkanes and the black carbon content in the dust from areas of decontamination activities are important to understand the effect of anthropogenic activity. Previous studies have not considered the anthropogenic effect on the secondary emission of radiocesium because human activity has been limited in the studied areas that have a high radiocesium concentration. However, recently, decontamination construction is beginning, or is on-going in most area of the Fukushima prefecture, and soon, anthropogenic activity will increase. Thus, the possibility of an anthropogenic activity effect on the secondary emission of radiocesium needs to be investigated in a future study.
CONCLUSION
The distribution of n-alkane in aerosol samples from Namie town (2013, 2014) revealed that continuous emissions of radiocesium occurred from natural sources with coarse-sized particles. Via seasonal observations, higher alkane concentrations were observed in the spring than in the summer and winter months. The WNA concentrations were correlated with pollen particle counts in spring 2014 and could be considered a potential source of increased WNA concentrations. Moreover, the fact that nalkanes from anthropogenic sources were higher after spring 2014 than prior to winter 2014 indicated an impact from the reconstruction progress in the Fukushima Prefecture.
The correlation analysis of 137 Cs concentrations with n-alkane and black carbon concentrations in time-series aerosols exhibited a different trend in winter 2013 versus the other seasons. Winter 2013 exhibited a positive correlation with biogenic n-alkanes, while the other seasons exhibited a positive correlation with anthropogenic nalkanes and/or black carbons.
Size-resolved aerosol samples showed fine particle fractions had low or no contribution to 137 Cs concentration. This indicates that epicuticular wax could not be the main natural source of secondary emission. On the other hand, biogenic n-alkane concentrations in the coarse-particle-size aerosol fraction at Site 1 showed a similar trend to 137 Cs concentrations. These correlations support the hypothesis that the secondary emission of radionuclides occurred in forest areas, particularly in the case of coarse particles.
From this study, it can be concluded that epicuticular wax has a low possibility of being a secondary emission source; a greater likelihood was suggested for biogenic coarse particles such as pollen and spores. Furthermore, n-alkanes and black carbon due to anthropogenic activity also have the possibility of being tracers for the secondary emission of radiocesium. Further investigation into the correlation between n-alkanes from biogenic and anthropogenic sources and radiocesium is needed. In particular, it is important to know the n-alkane content of pollen, spores, and soils in order to use n-alkanes as a tracer. Additional biomarker studies would also be useful to clarify the contributions of these biogenic sources.
